. (2009) . Higher temperature processing leads to a loss of Cr from the surface region -indicative of its substitution into the bulk.
Introduction
Reducible transition metal oxides play a key role as active materials in the development of devices such as spintronics, where magnetic properties of the material are harnessed to manipulate spin polarised electron currents; and in gas sensors in which surface chemical reactions induce changes in electronic structure which are picked up by external instruments. In both these examples the subtle interplay between electronic and geometric structure at surfaces and interfaces dictates the material behaviour.
Rutile titanium dioxide (TiO 2 ) has become the prototypical reducible system for study due to its relatively simple electronic structure and accessibility in single crystalline form ] for large departures from stoichiometry, forming a homologous series in the range Ti n O 2n-1 n < 37. In gas sensors the key problems are in obtaining sensitivity and selectivity to the desired gas and in maintaining long operating lifetimes. Recent work on the titanium dioxide surface, a common catalytically active support and sensor material, has shown remarkable complexity in the relationship between surface structure (electronic and geometric) to bulk non-stoichiometry.
Furthermore the addition of metal atoms and particles to the surfaces of reducible oxides, forming doped compounds and model heterogeneous catalysts respectively, modifies the surface response to gases.
In this paper we will briefly review our recent findings for metal doped rutile TiO 2 single crystal surfaces and in particular highlight new work in comparing the behaviour of self-doped nonstoichiometric TiO x and Cr doped TiO 2 . The importance here is to identify the structure and charge transfer that occurs at the interface as this controls the local electronic structure of relevance to growth, sensing and magnetism. We draw heavily on detailed first principles calculations of these systems to gather insights of relevance to gas sensors and the epitaxial growth of oxides, in particular attempts to grow CrO 2 on TiO 2 .
Methods
The experiments were carried out in a twin chamber UHV system described previously [ 9 ] with the preparation chamber equipped with a Vacuum Generators low energy electron diffraction cell expansion minimises periodic adsorbate-adsorbate interactions, provides a concentration of adsorbed atoms that is consistent with experimentally realisable concentrations and is a realistically large system (~290 atoms). The Ti/Cr atom is adsorbed on one side of the slab and a dipole correction is added to remove the resulting dipole perpendicular to the surface. The Cr atom has a 4s1 3d5 configuration, and we carry out spin polarised calculations, with the spin degrees of freedom allowed to relax. The large size of cell expansion, and the fact that the oxide is insulating, allows k-point sampling to be performed at the Γ-point.
A novel aspect of these calculations concerns the theoretical description of the electronic structure of the transition metal ions Cr and Ti. Reduced transition metal ions such as Ti and Cr, which have partially occupied 3d shells [ [15] [16] [17] [18] [19] [20] [21] ], are difficult to describe due to the incomplete cancellation of the self-interaction error in approximate DFT exchange-correlation functionals.
Thus, we use DFT corrected for on-site Coulomb interactions, (DFT+U), in all calculations of the adsorbate structures. U is set to 3 eV for Ti, consistent with previous computations [14, 16] and for the Cr adsorbate, since the partially filled Cr 3d shell also cannot be described with DFT [17] [18] [19] [20] . The DFT+U calculations predict that the lowest energy structure is an adsorbed atom in a three-fold O-coordinated site and this structure is shown in Figure 2 95.3% which occurs during the low temperature oxidation. Here the low temperature Cr oxidised surface exhibits a ~5% larger stoichiometry than the clean well prepared surface suggesting a strong electronic effect. Once the surface is oxidised at 573K the stoichiometry is reduced to a value commensurate with the clean starting substrate. Analysis of the Cr 2p peak data is complicated by the Ti 2s state (~565eV) and its associated shake-up and shake-off satellites, which extend through the Cr 2p region (570-590eV). In order to extract the Cr 2p 3/2 and Cr 2p 1/2 peak data clean TiO 2 (110) reference spectra was recorded and fitted as a background to the Cr-doped spectra. From figure 4 it is seen that no Cr peaks are seen for the clean surface (A) nor for the high temperature 
Conclusions
The adsorption of Ti and Cr on the surface of TiO 2 induces charge transfer and band bending that changes the surface electronic structure. In both cases the adsorption leads to a broken symmetry and an asymmetric charge transfer which is localised around the defect site and leads to a mixed localized/delocalised character. The experimental results correlate well with the ab-initio modelling and show that both Cr and Ti are partially oxidised upon adsorption resulting in the formation of distinct band gap states. The charge transfer and reactivity of the doped surfaces was investigated by oxygen adsorption and thermal annealing which indicated that Cr was easily substituted into the lattice at high temperatures but gave an unusually strong band bending with low temperature adsorption.
